Ne-15 N 2 Van der Waals complexes, involving rotational levels up to Jϭ4, are reported. Interpretation and assignment of the observed transitions were made by combining results of measurements and theoretical predictions of the MW line positions in terms of available empirical potential energy surfaces and of a new high-level ab initio potential energy surface. The deviations of the calculated MW spectra from those observed experimentally are more uniform for the ab initio potential surface than they are for the empirical potential surfaces, allowing for reduction of the deviations to within 0.07% for all isotopomers by a single-parameter scaling of the ab initio potential energy surface. The scaled Ne-N 2 interaction potential was used to predict the MW line positions for the transitions JЈ-JЉϭ3-2, 4-3 for all species. A simple procedure is proposed to improve the ab initio results for atom-diatom systems on the basis of atom-atom interaction components.
I. INTRODUCTION
Investigation of weakly bound Van der Waals complexes formed by closed-shell molecules and atoms is a challenge for both experimentalists and theoreticians. The weak binding makes it difficult to prepare these systems and retain them intact for a sufficiently long time to obtain accurate measurements. It also imposes stringent requirements upon the quality of a potential energy surface ͑PES͒ and upon the accuracy of calculations predicting the properties of the complexes from it. Microwave ͑MW͒ spectroscopy is one efficient way for probing such species, as the rotational energy levels are quite sensitive to the nature of the atoms making up the complex. Modern MW spectroscopic methods, such as pulsed jet cavity Fourier transform ͑FT͒ MW spectroscopy, allow for a sufficiently high resolution ͑typically of the order of a few kHz͒ of the recorded spectra. However, the scanning of a wide spectral interval then becomes a very time-consuming task. Theoretical studies enable us to evaluate directly the positions of the spectral lines, and can help to narrow the experimental search range. Therefore, a combined experimental/theoretical approach appears to be an efficient way to proceed.
Rotational spectra of Ar-N 2 ͑Refs. 1, 2͒ and Kr-N 2 ͑Ref. 3͒ were previously investigated using a FTMW spectrometer. The experimental spectra are in accord with Tshaped equilibrium structures for these complexes, confirming earlier results 4 from infrared investigations on Ar-N 2 . It was possible to resolve 14 N nuclear quadrupole hyperfine structure of the rotational transitions in these high-resolution studies. The resulting nuclear quadrupole coupling constants contain detailed information about the large amplitude bending motions within the complexes. It was found, for example, that the quadrupole coupling constants depend upon the asymmetric top quantum number K a . The resulting average excursion from the equilibrium geometry as a function of internal state is a delicate measure of the angular anisotropy of the potential energy surface. Hutson 5 has recently treated the effect of the large amplitude motions on nuclear quadrupole coupling constants in complexes of rare gas atoms with linear molecules explicitly, and obtained expressions consistent with the experimentally observed K-dependence of the quadrupole coupling constants. Consequently, an accurate value for the 14 N 2 monomer quadrupole coupling constant could be obtained from the rotational spectra of the Ar-N 2 and Kr-N 2 complexes. As the Ne-N 2 complex exhibits Van der Waals motions of even larger amplitude than do its heavier analogues, the effects of these motions on the nuclear quadrupole interactions can be expected to be more severe. Experimental difficulties were therefore anticipated in locating rotational transitions for this complex because of its floppy nature, lower dissociation energy, and small induced dipole moment.
The present paper represents a unified experimental/ theoretical effort to determine the microwave spectra of several isotopomers of the Ne-N 2 Van der Waals complex, and to refine the Ne-N 2 PES. Four previous potential surfaces cal simulations of the MW spectrum. However, previous experience 2 with the simulation of MW spectra for the analogous Ar-N 2 system has shown that considerable differences in the positions of the MW lines are possible even when the simulations have been carried out for apparently quite similar potential surfaces. Indeed, two similar Ar-N 2 potential surfaces 8, 10 gave calculated spectra 2 that differed significantly from the experimental spectrum ͑well beyond the uncertainties in the measurements͒. In order to bring the spectra simulated with a particular PES into agreement with the measured spectra, the PES could, in principle, be modified by tuning one or more of its parameters: 2 in practice, however, such a tuning was readily accomplished in only one case. Moreover, the functional forms normally employed to represent empirical potential surfaces have been found 11 to have a limited flexibility in the fitting of high-level ab initio data obtained for the Ar-N 2 interaction. In light of these comments, the success achieved recently 12 in the fitting of high-level ab initio Ar-Cl 2 potential data to the MW spectrum of the Ar-Cl 2 complex, and the absence ͑so far as we are aware͒ of high-level ab initio results for the Ne-N 2 interaction, we have generated new ab initio potential data. The present simulations of the MW spectra of the Ne-N 2 isotopomers have therefore employed both empirical surfaces 8, 9 and this new high-level ab initio PES.
A previous ab initio study 11 of Ar-N 2 gave a potential surface with a single minimum for the T-shaped geometry. This study corroborated earlier empirical predictions 8, 13, 10 of the overall topology of the Ar-N 2 PES. However, the difference between the binding energies for the T-shaped and linear configurations was found to be significantly less than that obtained from the empirical surfaces. A similar relation between ab initio and empirical data has also been found by Hu and Thakkar 14 for the more weakly bound He-N 2 complex. The generally smaller binding energy associated with the Ne-N 2 complex can be expected to reduce the energy difference between the T-shaped and linear configurations relative to that for Ar-N 2 , so that the role of large-amplitude bending motions, and hence the effect of the bent configurations on the MW spectra, may be more significant for the neon complex. One purpose of the present work is to investigate this effect, and to compare the anisotropy of the ab initio and empirical potential surfaces for the Ne-N 2 complex.
It has also been shown recently 11 that the effective interaction between a N atom within N 2 and Ar is perturbed ͑rela-tive to the potential for isolated ArN͒ more strongly in the direction perpendicular to the N-N axis than it is along the axis; this is just the opposite to what would be anticipated from consideration of the relevant sp-hybridization of the N atoms within N 2 . The corresponding situation for the Ne-N interaction is examined here.
The experimental and theoretical procedures are described in Secs. II and III, while the results, including both the measured and simulated MW spectra, and the new PES, are presented in Sec. IV. The conclusions to be drawn from the present study are given in Sec. V.
II. EXPERIMENT
Two pulsed jet cavity FTMW spectrometers of the Balle-Flygare type 15 were used to measure the pure rotational transitions of Ne-N 2 Van der Waals molecules. The instrument in Vancouver 16 and that in Edmonton 17 are of similar design; both have an operating range of 4-26 GHz. A brief description of the main features of the latter, and of the Ne-N 2 experiments done with it, follows.
The operating principle of this type of spectrometer is based on the coherent excitation of a molecular ensemble with a MW pulse and subsequent detection of the molecular emission signal. The sample cell is a MW cavity that consists of two spherical aluminum mirrors, 28 cm in diameter, each with a radius of curvature of 38.4 cm. The MW cavity is mounted in a vacuum chamber which is evacuated by a 12 in. diffusion pump. One mirror is fixed to a flange of the vacuum chamber, while the other is adjustable. The mirror separation is approximately 30 cm, and the cavity can be fine-tuned into resonance with the MW excitation radiation by a computer-controlled dc actuator. This feature allows relatively large frequency regions to be scanned automatically. 18 The bandwidth of the cavity is ϳ0.5 MHz at a frequency of 10 GHz. The step size in an automated search is typically 200 kHz. The molecular signal is recorded as a time domain signal and a Fast Fourier Transformation yields the frequency spectrum. A time domain signal fitting procedure was used 19 for the analyses of some narrow splittings in the spectra of 20 Ne- 15 N 2 . The sample gas mixtures consisted of 1% nitrogen in neon at 3 atm. A sample was injected through a nozzle with orifice diameter 0.8 mm into the MW cavity parallel to the cavity axis. 20 The repetition rate for the experiment was limited to approximately 5 Hz by the capacity of the diffusion pump. The natural abundance of 22 Ne was sufficient to observe spectra of complexes containing this isotope; it was necessary, however, to use enriched 15 N 2 ͑Cambridge Isotope Laboratories͒ in order to obtain sufficient signal intensity for the Ne-15 N 2 complexes.
III. THEORETICAL DESCRIPTION
Microwave spectra can be predicted directly from energy differences between the rotational levels for a given potential surface. The TRIATOM code of Tennyson et al., 21 which is based on the decomposition of the PES using basis sets of 40 eigenfunctions of the Morse potential ͑with optimized parameters D e ϭ0.1 mhartree, ␤ e ϭ2ϫ10 Ϫ5 a.u., and R e ϭ12 bohr) for the radial coordinate and 25 Legendre polynomials for the angular coordinate, has been employed here for this purpose. Further extension of the basis set has been found to affect the results negligibly. For instance, doubling the number of Legendre polynomials or increasing the number of Morse eigenfunctions by 50% leads to a variation of energy in the 7th decimal only, with the differences between the levels being even much less sensitive.
The calculations of the rovibrational energy levels in this way requires a knowledge of the potential energy of the system as a function of its geometry. As it is intractable to employ time-consuming high-level ab initio computations for many arbitrary geometries, a standard procedure is to calculate several cuts of the PES, to introduce a representation of the interaction that is able to reproduce these limited data accurately, and then to obtain points on the total surface at arbitrary configurations by interpolation and extrapolation. The traditional approach to atom-diatom interactions involves interpolation of the radial dependence for each cut by an appropriate analytic function and then use of Legendre polynomials for the angular dependence at a given radial distance. However, a high-quality interpolation requires rather extensive ab initio information, since it has been shown 11 for Ar-N 2 that versions using only two cuts ͑for the linear and T-shaped geometries͒ or three cuts ͑with the bent geometry at 45°added͒ may be unreliable, even for the prediction of the overall surface topology. An alternative model based on anisotropic atom-atom interactions has proven to be more stable, and provides the correct topology, together with spectroscopic accuracy of interpolation with only three cuts. 11 This method has been used for the present calculations.
The model employs a simple additive approximation for the Ne-N 2 potential surface in terms of NeN potentials, namely
with R and being polar coordinates of the Ne atom relative to the center of the N 2 molecule or (R i and i ) from one of the N atoms. Each of the two V NeN potentials can be represented in terms of the model based on the symmetry of the diatomic electronic wave functions corresponding to sp-hybridization of the N atoms within the N 2 molecule, 11 i.e., by
in which V ʈ and V Ќ are the Ne-N interactions along and perpendicular to the N-N axis. These effective atom-atom potentials may be expected to differ from the potential for an isolated NeN molecule because of the distortion of the electronic structure of N within N 2 . By construction, V Ne-N 2 at ϭ0°is determined by V ʈ only, so that V ʈ can be obtained from the corresponding ϭ0°cut of the PES. The component V Ќ can then be extracted from any other cut, such as that at 90°, to give a 2-cut version of the model. Since for the Ar-N 2 interaction it has been found 11 that minimally a third cut is required to describe the PES correctly at intermediate angles, we shall do the same for the Ne-N 2 interaction. Thus, if we use a cut at angle s to obtain a potential V Ќ s , we may then utilize a switching function to give a final V Ќ for Ͼ s of the form
Because no high-level ab initio data were previously available for either the Ne-N or Ne-N 2 interactions, calculations have been carried out at the comprehensive coupled cluster CCSD-T level 22, 23 of theory with the extensive basis sets 24, 25 aug-cc-pVTZ and aug-cc-pVQZ, using the MOLPRO suite of ab initio programmes. 26 The results have been corrected for basis set superposition error ͑BSSE͒ using a standard counterpoise method. 27 The N-N distance has been fixed at the equilibrium value of 1.10 Å, obtained in preliminary calculations in good agreement with experimental data 28 for the ground electronic state, 1 ⌺ g ϩ , of N 2 .
IV. RESULTS AND DISCUSSION

A. Observed spectra and spectral analyses
Following the measurements on Ar-N 2 ͑Refs. 1, 2͒ and Kr-N 2 ͑Ref. 3͒, we set out to search for rotational transitions of Ne-N 2 . Much difficulty was encountered in the initial search. The MW spectra of Ne-N 2 were expected to be weaker than those of Ar-N 2 and Kr-N 2 , since the dipole moment induced by the weak interaction between the rare gas atom and the N 2 subunit is smaller for Ne than for Ar or Kr. Further, the complex is predicted to be much more flexible than its heavier counterparts, so that difficulties in predicting rotational line positions from an assumed equilibrium structure were expected.
The first two rotational transitions were found initially using the FTMW spectrometer in Vancouver. 16 The intensities of these two transitions were about one to two orders of magnitude lower than those of Ar-N 2 . The observed 14 N nuclear hyperfine splitting patterns were recognized to be those of rotational transitions with K a ϭ1. From their relative intensities, they were tentatively identified as belonging to 20 experimental observations. These characteristics can be approximately attributed to a realistic angular anisotropy of the BTT PES and to an equilibrium separation that is slightly too large. Additional transitions of 20 Ne-N 2 and 22 Ne-N 2 were then predicted by assuming the frequency differences from the BTT potential relative to the tentatively assigned transitions. Detection of additional transitions relatively close to the predictions confirmed the assignment. These further measurements and the final assignment were done at the University of Alberta. An example rotational transition of 20 Ne-N 2 showing its nuclear hyperfine structure is given in Fig. 1 .
Altogether, seven a-type transitions with J quantum number ranging from 0 to 3, and K a quantum number from 0 to 1, were measured for 20 Ne-14 N 2 and for 22 Ne-14 N 2 . The assignments were further confirmed by the nuclear quadrupole hyperfine structures observed for these two 14 N 2 isotopomers. The measured frequencies and quantum number assignments for 20 Ne-14 N 2 and for 22 Ne-14 N 2 are listed in Table I . The assigned quantum numbers correspond to the coupling scheme IϭI 1 ϩI 2 and FϭIϩJ, with I 1 and I 2 being the nuclear spins of the two 14 N nuclei and J the overall rotational angular momentum of the complex. The line positions corresponding to the centers-of-gravity of the quadrupolar hyperfine multiplets for the Ne- 14 N 2 isotopomers, designated by center , are listed in Table II together with their ͑experimental͒ uncertainties ␦ center . These are the primary quantities which are compared with the calculations from the potential surfaces. Tables III and IV give the corresponding information for the spin-rotation hyperfine multiplets and line centers for the Ne-15 N 2 isotopomers. A first-order nuclear quadrupole coupling program, which includes the spin-rotation interaction, was used to fit nuclear quadrupole coupling constants, a spin-rotation constant, and hypothetical unsplit center frequencies to the observed hyperfine frequencies. It was found, however, that a simultaneous fit including all observed hyperfine components led to an unacceptably large standard deviation of the fit ͑44 kHz͒, far outside the experimental measurement uncertainty. Instead, three individual hyperfine fits were performed, one for the energy level stack with K a ϭ0, and one each for the upper and lower K a ϭ1 stacks. The standard deviation decreased to about 1 to 3 kHz. Similar behavior was found previously in the rotational spectra of Ar-N 2 ͑Ref. 1͒ and Kr-N 2 ͑Ref. 3͒. It was noted that the fit for the lower K a ϭ1 stack was slightly worse than for the others, as was also observed for Ar-N 2 and Kr-N 2 .
The hypothetical unsplit center frequencies were used as input for a fitting procedure to obtain rotational and centrifugal distortion constants. The Watson A-reduction Hamiltonian in its I r representation 29 was used in this procedure. Since only a-type transitions were measured, and the complex is a near symmetric top, it was not possible to determine the A rotational constant and the quartic distortion constants ⌬ K and ␦ K . An approximate value for the A rotational constant of Ne-N 2 was obtained from the results of the nuclear hyperfine structure analysis as outlined below. The resulting rotational and distortion constants are listed in Table V and the nuclear hyperfine structure constants are given in Table  VI .
The search for isotopomers with 15 N 2 followed the procedure described previously 2 for Ar-15 N 2 . The frequencies of the K a ϭ0 transitions were predicted by extrapolation from Ne-14 N 2 using a pseudo-diatomic approach, and the K a ϭ1 transitions were predicted by superimposing the separations between the K a ϭ0 and K a ϭ1 transitions calculated from the BTT PES. Transitions of isotopomers containing 15 N 2 were stronger than those of 14 N 2 isotopomers, mainly because of the absence of nuclear quadrupole hyperfine structure, and were readily found. For the 20 Ne-15 N 2 isoto- pomer, narrow spin-rotation splittings were detected for low J transitions (Jϭ2-1) with K a ϭ1, while no splittings were observed for higher J transitions. An example transition of 20 Ne-15 N 2 is depicted in Fig. 2 , showing the narrow spinrotation hyperfine structure. The transition intensities of 22 Ne- 15 N 2 were too low to allow such narrow spin-rotation splittings to be resolved. Since the observed linewidths are of the order of 7 kHz and the narrow splittings are of the order of 5 to 15 kHz, direct time domain data analyses 19 were performed in order to obtain the frequency information. The frequencies of the hyperfine components thus obtained are listed in Table III Table IV , and the resultant rotational and distortion constants are listed in Table V .
B. Discussion of the experimental results
Both Ne-14 N 2 and Ne-15 N 2 spectra are consistent with those of two equivalent nitrogen atoms in the complexes. The intensities for the K a ϭ1 transitions in both cases were observed to be similar to those of the corresponding K a ϭ0 transitions, despite the fact that the K a ϭ1 rotational levels are about 2 cm Ϫ1 higher in energy than the K a ϭ0 levels.
This observation can be attributed to the effects of spin statistics, as has been argued previously. 3 Since spin conversion is not allowed in a molecular beam expansion, rotational levels with even and odd K a cool individually, with the consequence that both the K a ϭ0 and K a ϭ1 stacks are populated in the cold molecular expansion (T rot Ͻ1K).
Nuclear quadrupole coupling constants of rare gas atom-linear molecule complexes have in the past often been interpreted in terms of projections of the quadrupole coupling constants of the linear monomer onto the principal inertial axes of the complexes. The underlying assumption is that the complex formation causes only negligible perturbation of the electronic structure at the site of the quadrupolar nucleus. Such a relationship is described by gg ϭ 1 2 mon ͗3 cos 2 g Ϫ1͘, with gϭa, b, c; the gg are the coupling constants of the complex, mon is the coupling constant of the monomer, and g is the angle between the axis of the linear molecule and the g principal axis of the complex. Ernesti and Hutson 30, 31 have recently emphasized the importance of the correct choice of axis system in interpreting and relating spectroscopic parameters. They pointed out, in particular, that the nuclear quadrupole coupling constants depend upon an angle g between the monomer axis and the g internal axis of the Eckart axis system ͑which effects a separation of the rotational and vibrational motion͒. 32 The use of different values in evaluations of experimental data. For energy levels with K a ϭ0, aa was also found to be slightly J-dependent, proportional to J(Jϩ1). In the present experimental analyses, however, the J-dependence was sufficiently weak that it could be neglected. An even stronger J-dependence, not simply linear in J(Jϩ1), of the quadrupole coupling constants was found for energy levels with K a ϭ1. The necessity of using separate fits for upper and lower K a ϭ1 stacks is a result of this peculiar J-dependence. In the present work, it was possible to use a combined fit for all observed K a ϭ1 hyperfine components by including centrifugal distortion terms for the nuclear quadrupole coupling constants that are proportional to J(Jϩ1) and to J 2 (J ϩ1)
2 . However, it is then not clear how the resulting constants can be interpreted in terms of physical properties of the complexes. Instead, the procedure of determining three individual fits was retained. As was pointed out in Ref. 5 , the J K a ,K c ϭ1 1,0 level depends only upon cc , and has the largest hyperfine splittings within the upper K a ϭ1 stack. The value of cc resulting from the upper K a ϭ1 fit was therefore taken to be the value least influenced by centrifugal distortion effects. Since cc is expected to be independent of the large-amplitude motions, it is determined by cc ϭϪ 1 2 mon , in which mon is the nuclear quadrupole coupling constant of free N 2 . The procedure is validated by the corresponding values of cc from the MW spectra of Ar-N 2 and Kr-N 2 that agree, within mutual error limits, with the values found here. Averaging of all available data yields a N 2 monomer coupling constant mon ϭϪ5.372͑2͒ MHz.
The standard deviation of the rotational fit for the 20 Ne-14 N 2 isotopomer is about 4.1 kHz, considerably larger than the accuracy of the experimental frequencies. Even larger standard deviations ͑see Table V͒ were obtained for  isotopomers containing   15 N 2 , for which three additional higher J transitions could be measured. The introduction of additional distortion constants caused very high correlations (Ͼ0.999) between some of the constants. This reflects the rather floppy nature of the complex and a possible breakdown of the semi-rigid rotor model employed here to fit the data.
C. Potential energy surfaces
The Ne-N 2 potential energy surface has been calculated at 12-14 separations between 2.5 and 10 Å for 5 angles between 0°and 90°͑see Table VII͒ using the aug-cc-pVTZ basis set. Fixed-angle cuts of the PES are plotted in Fig. 3 . Prior to taking the BSSE into account, the PES has two distinct wells, one corresponding to C 2v geometry, the other corresponding to linear geometry. The shallower well for the linear geometry is removed on making the BSSE correction, leaving only the minimum for the T-shaped geometry. The behavior for Ne-N 2 is similar to that found earlier 11 for Ar-N 2 . Thus, the ab initio results confirm the PES topology obtained previously by both empirical 6,9 and semiempirical 7, 8 methods. However, the dissociation energy D e for the equilibrium T-shaped configuration is smaller by 30%-50% in comparison with earlier values ͑see for Ne-N 2 to a nearly fourfold larger relative value 8 for Ar-N 2 . These trends are in line with the recent ab initio results 14 for He-N 2 , which has an even smaller value of ⌬D e , but nearly the same value of ⌬R e .
The effective V ʈ and V Ќ potentials obtained by applying the model of Sec. III to the ab initio PES are shown in Fig.  4 , where they are also compared with the ab initio NeN potential calculated at the same level of theory. The Ne-N interaction along the N-N axis deviates from that for isolated NeN rather weakly, being slightly more attractive at intermediate distances and more repulsive at short distances. The latter feature corresponds to what would be expected from sp-hybridization of the N atom, accompanied by extension of the electron density along the axis, although it differs from the argon counterpart, 11 in that the associated change of D e is very small ͑see Table IX͒. The Ne-N interaction in the perpendicular direction becomes significantly less attractive at intermediate distances, but almost preserves the value of R e ; this is similar to the behavior of the ArN interaction. These relations are reflected in the model Ne-N 2 potential surface obtained with the ab initio NeN potential: the major deviation from the ab initio Ne-N 2 data is an overestimation of the binding for the T-shaped geometry ͑see Table VIII͒. Using the model with the effective V ʈ and V Ќ potentials results in an underestimation of the binding at intermediate angles, with the strongest deviation occurring at 45°. This means that the effective Ne-N interaction in this direction is different from that supplied by the model. Using a 3-cut version of the model, with switching angle s ϭ45°, a new V Ќ 45°i s obtained. It closely resembles the unperturbed NeN potential, with only slightly reduced repulsion at short and intermediate distances ͑see Fig. 4͒ . The situation for the Ar-N interaction is basically similar, 11 though the ͑also small͒ deviations for the new potential are of the opposite sign. When the 3-cut version of the model is employed, the remaining cuts of the Ne-N 2 PES at 22.5°and 67.5°are reproduced sufficiently accurately ͑see Fig. 3͒ 8 values. An analogous result has been obtained 14 for the He-N 2 system. Such a modification is similar to that for the Ar-N 2 system, 11 but with a ⌬D e value significantly smaller than that obtained from the empirical PES. The calculated value of D e for the linear configuration of Ar-N 2 exceeds the empirical value. Although the new ab initio Ne-N 2 PES correlates well to the BTT potential surface, it is worth noting that more accurate calculations can be expected to increase ⌬D e , possibly giving rise to an anisotropy exceeding that for the BTT PES. The empirical PES of Ref. 6 has a larger value of ⌬D e , but has a value of D e for the linear configuration that nearly coincides with the present ab initio value; this value can be expected to be exceeded when still higher-level calculations are employed.
It is desirable to evaluate the full Ne-N 2 PES at the higher accuracy achieved for the two cuts. One means of accomplishing this has been utilized 12 for the Ar-Cl 2 PES by transferring the influence of the electronic structure distortions of the Cl atoms within the Cl 2 molecule, evaluated ab initio, to the empirical ArCl potentials. This procedure allowed for nearly exact agreement with the available experimental data for the total system. An analogous correction can be applied to the purely ab initio data, by using the correspondence
in which V NeN new means the NeN ab initio potential of higher accuracy. This formula assumes that the influence of the perturbation of the electronic structure of N within N 2 is similar for both basis sets employed. The results of applying this modification to the Ne-N 2 PES are compared in Fig. 5 with direct ab initio calculations for the two geometries. It can be seen that the more accurate atom-diatom data are reproduced with sufficient accuracy, with the remaining deviations being a slight overestimate of the binding energy ͑mostly for the T-shaped geometry͒ and an underestimate of the equilibrium distance ͑see Table VIII͒. These small differences can be explained in terms of the larger effect of the perturbation of N within N 2 on the Ne-N 2 interaction when the more extensive basis set is employed. This can be seen explicitly by comparing the model predictions using the more accurate ab initio NeN potential to the corresponding ab initio results for Ne-N 2 ͑see Table VIII͒. Because the Ne-N ͑and hence Ne-N 2 ) binding energy for the T-shaped geometry is reduced by this perturbation, it can be overestimated when it is evaluated with a smaller basis set. Nevertheless, as a further increase of accuracy should provide stronger binding, the above deviations can be accepted, thus allowing expensive additional higher accuracy computations for many geometries to be avoided. The topologies of the four model PES, shown in Fig. 6 , illustrate the transfer of modifications from the lower level to the higher-level results.
D. Simulated microwave spectra
The final ͑corrected͒ version of the ab initio Ne-N 2 PES has been used to calculate the rotational levels up to Jϭ4 of the complex in its ground vibrational state (vϭ0) and to Table X for   14 N 2 , with results for 15 N 2 being very similar͒. To eliminate this discrepancy, the V ʈ ,Ќ components of the the potential surface have been radially compressed by about 1.2% to fit the JЈ-JЉϭ1-0 and 2-1 transitions. The experimental information, including the available JЈ-JЉϭ3-2 transition frequencies not used in the fit, is reproduced within Ϯ0.05%, or within at most Ϯ5 MHz by the modified PES. In turn, predictions for the 4-3 transitions have been used to identify the experimentally detected higher frequency MW lines, which have been located within 0.07%, or at most 10 MHz, of their predicted positions.
The dissociation energy for the 20 Ne-14 N 2 (vϭ0) complex is calculated to be D 0 ϭ3.55 meV (28.6 cm Ϫ1 ), resulting in the zero point energy E 0 ϭD e ϪD 0 ϭ2.21 meV (17.8 cm
Ϫ1
). As this value exceeds the energy difference ⌬D e ϭ1.62 meV (13.1 cm
) between the bottom of the potential well in the T-shaped configuration and the saddle point in the linear configuration, it appears that the Ne atom can also revolve rather freely in the plane of the N 2 molecule. Nonetheless, the pattern of the MW spectrum ͑triplets of closely spaced lines͒ remains typical of a T-shaped triatomic, which thus suggests a sensitivity of the rovibrational wavefunction of the complex to the topology of the PES. This is confirmed by the concentration of the calculated probability density distribution around the T-shaped Ne-N 2 configuration ͑see Fig. 7͒ . An analogous result has been obtained 34 for the ArC 2 complex, which has a preferred linear configuration and a ͑predicted͒ MW spectrum consisting of doublets of closely spaced lines. The same behavior is found for the other three isotopomers, 22 MW spectra have been calculated also for the BTT 8 and ESMSV 9 potential surfaces. While the BTT surface gives relatively uniform deviations between the predicted and measured MW line positions, the ESMSV surface gives rather irregular behavior with respect to different groups of lines ͑see Table X͒. It has not been found possible to adjust the ESMSV PES by a simple radial change, although it might be possible to adjust the BTT PES in this way. As has been mentioned earlier, calculations made with the BTT surface were initially used to identify the experimentally observed MW lines up to JЈϭ3. The variation in the deviations from the measured line positions is about twice as large for the BTT PES as it is for the ͑unscaled͒ ab initio PES, and therefore at least the same ratio could be expected after adjustment. The result for the ESMSV PES suggests a possible inadequacy in its representation of the Ne-N 2 interaction. The D 0 and E 0 values calculated for these two empirical potential surfaces are similar to those for the ab initio PES insofar as the localization of the Ne atom is concerned. For the BTT PES, E 0 exceeds ⌬D e , while for the ESMSV PES they are nearly equal, presumably because of an overestimation of the anisotropy. The heavier isotopomers are found to behave analogously to 20 Ne-14 N 2 . It is instructive to compare not only the MW line positions calculated from the potential surfaces with experiment, but also the corresponding spectroscopic parameters. For this purpose, rotational and centrifugal distortion constants were derived by using the calculated line frequencies in fitting procedures, analogous to those used for the experimental data. The resulting constants for the 20 Ne-14 N 2 complex are compiled in Table XI ; the experimental results have been repeated for ease of comparison. The complex can be approximated as a ͑linear͒ pseudo-diatomic rotor and its spectrum can be described using the linear combination (B ϩC)/2 and the centrifugal distortion constant ⌬ J . The quantity (BϩC)/2 corresponds to an effective pseudo-diatomic separation, while ⌬ J provides a measure of the anisotropy of the PES. For the full Ne-N 2 PES ⌬ J is determined primarily by the radial anisotropy. The values of ⌬ J in Table XI indicate that all the potential surfaces have radial anisotropies that are comparable and in accord with the experimental MW spectrum. A major effect of the scaling procedure for the ab initio potential is a reduction of the equilibrium separation, as reflected in the improved value for (BϩC)/2.
In this simple picture the linear combination BϪC and the distortion constant ⌬ JK are determined by the deviation from linearity of the complex, i.e., by the extent of the largeamplitude bending motion. The best agreement for BϪC and ⌬ JK is found for the adjusted ab initio surface, indicating a realistic angular anisotropy of this surface. However, the BTT surface also does remarkably well in this respect. It was in fact this feature of the BTT PES that made the initial assignment of the Ne-N 2 rotational spectrum possible. The ESMSV surface produces values for BϪC and ⌬ JK that are too small by up to 57%, indicating that it has too great an anisotropy in the angular coordinate. It is remarkable that two further distortion constants, i.e., d 1 and the sextic constant H JK , are quite well reproduced by the ab initio and the BTT surfaces, whereas there is poor agreement for the ESMSV surface.
The good quality of the ab initio PES in terms of its angular anisotropy is also apparent when comparing the expectation values ͗cos 2 a ͘ obtained from this surface, 0.1803 gives a deviation from the experimental value twice as large as that found when the full expression is used. The reason for such a considerable difference between the two calculated values is that the Ne atom is significantly delocalized, so that the probability density for the linear configuration has about 40% of its value for the T-shaped configuration ͑see 
V. CONCLUSIONS
Rotational spectra of four isotopomers of Ne-N 2 were measured using a FTMW spectrometer. The initial assignment and the detection of further rotational transitions were made possible by comparison with theoretical MW spectra, calculated from potential surfaces. Nuclear quadrupole hyperfine splittings and spin-rotation splittings have been observed for isotopomers containing both 14 N 2 and 15 N 2 . The spectra are in accord with a T-shaped equilibrium configuration of the complex with two equivalent nitrogen atoms. The results from the nuclear quadrupole hyperfine structure analyses and the large number of quartic and sextic centrifugal distortion constants needed in the rotational analyses indicate that the complex exhibits large-amplitude vibrational motions.
A high-level ab initio PES of the Ne-N 2 complex has been calculated for the first time, and compared with existing empirical and semiempirical potential surfaces. [6] [7] [8] [9] The single minimum occurring for the T-shaped configuration for each of these potential surfaces has been confirmed by the ab initio results. A secondary minimum for the linear configuration is removed by the basis set superposition error correction. Direct comparison with the present ab initio results allows a preliminary selection to be made of the empirical PES with energies no higher than the ab initio data. In particular, the ESMSV 9 PES is too shallow for the linear geometry, and it thereby provides too strong an anisotropy for the binding energy. The BTT 8 PES appears to be quite reliable in this respect, providing an anisotropy in the binding energy that is close to that obtained from the present ab initio PES. It should be noted, however, that an increase in the accuracy of the ab initio calculations may result in a further increase in the anisotropy. Such an increase in the anisotropy could possibly reduce the agreement between the calculated and experimental MW line positions.
The effective potential describing the interaction of a Ne atom with a N atom within the N 2 molecule, and corresponding to the ab initio Ne-N 2 PES, is found to differ from the diatomic ab initio NeN potential, the deviation being stronger in the direction perpendicular to the N-N axis than along it, as has been found 11 also for Ar-N 2 . Such a behavior can, in general, be associated with an electron density redistribution due to sp-hybridization of the N atom. The generally smaller deviations ͑by comparison to those for the argon system͒ can be assigned to a weaker interaction. On the basis of these perturbed NeN potentials, a simple correction is proposed for improving the accuracy of the ab initio data for an atom-diatom system, with higher-level results required only for the ͑one-dimensional͒ atom-atom components of the interaction. This procedure allows the construction of a more accurate PES for the total system without additional resource-consuming calculations.
An ab initio PES obtained in the manner described above has been used to simulate the microwave spectra of several Ne-N 2 isotopomers, and to compare them with both experimentally observed MW spectra and MW spectra predicted from two previous potential surfaces. This more detailed comparison confirms the preliminary selection made on the basis of direct comparison of the surfaces. The ab initio PES predicts MW line positions which deviate from the experimental values in the most uniform manner among the potential surfaces studied. The deviations can therefore be reduced to within 0.05% by a simple single-parameter scaling. The ESMSV PES shows rather irregular deviations for different groups of the MW lines, so that no simple transformation can be expected to bring the predicted MW spectra into comparable agreement with experiment. The situation is more favorable for the BTT PES, which also exhibits fairly uniform differences between the predicted and measured MW line positions. The variation of the deviations for the BTT surface is, however, nearly twice that for the ab initio PES. The new adjusted PES, fitted to the lower frequency transitions JЈ-JЉϭ1-0, 2-1 of the 20 Ne-14 N 2 complex, has then been used to predict other transitions, including those for other isotopomers.
The zero vibrational level is calculated to lie at an energy that is sufficiently high to allow essentially free rotation of the Ne atom around the N 2 molecule in the whole 3-dimensional space. The rotational spectrum nonetheless corresponds to that typical of a T-shaped molecule, in accord with the analogous behavior of the rovibrational wave function, even though it is relatively delocalized. 
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